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Abstract 
Because pesticides are applied as formulated particles and the affinity of the active ingredient for 
the formulation is higher than for the bulk water, we hypothesized that a formulation complex 
could affect active ingredient transport. Our objectives were to investigate the nature and extent of 
surfactant-atrazine-clay/oxide surface interactions. When atrazine and an anionic surfactant were 
dried onto plain or Fe-coated sand and leached, atrazine concentrations in the initial leachate were 
lower in the Fe-coated sand treatment. This was likely due to an electrostatic attraction between the 
sand and surfactant. When a nonionic surfactant was used, atrazine concentration in the initial 
leachate was lower through plain sand. This suggests that the affinity of the nonionic surfactant for 
the Fe-surface is lower than for the silica surface. Using FTIR spectroscopy we have determined 
that a nonionic surfactant and atrazine will partition into the interlayer of montmorillonite. Atrazine 
in the interlayer has important implications for herbicide mass transport. The desorption of atrazine 
will be diffusion controlled and hence less atrazine should be available for transport. However, 
should these clays become dispersed, they could act as a suspended, highly mobile phase for the 
particulate transport of atrazine. 
Focus Cateaories: WQL, ST, AG 
Descriptors: Herbicides, Solute Transport, Soil Chemistry, Adsorption and Exchange 
Keywords: Atrazine, surfactants, 2:1 Clays 
l1l 
Table of Contents 
Abstract ................................................................................................................................................ iii 
List of Tables ......................................................................................................................................... v 
List oflllustrations ................................................................................................................................ vi 
Chapter I - Introduction ......................................................................................................................... 1 
Chapter II - Research Procedures .......................................................................................................... 6 
Chapter III - Data and Results ............................................................................................................... 9 
Chapter IV - Summary and Conclusions ............................................................................................ 39 
Nomenclature ...................................................................................................................................... .40 
References ........................................................................................................................................... .41 
IV 
List of Tables 
Table 1. Spectral interpretation ofNa-montmorillonite infrared adsorption peaks ........................... 15 
Table 2. Effect ofBrij 35 concentration on doo1 expansion ofmontmorillonite and illite ................. 27 
V 
List of Illustrations 
Figure 1. Critical micelle concentration of Aatrex 4L. ............................................................... : ....... 10 
Figure 2. Desorption behavior of atrazine alone and with SLS or Brij 35 
from plain sand ................................................................................................................................. 11 
Figure 3. Desorption behavior ofatrazine alone and with SLS or Brij 35 
from Fe-coated sand ......................................................................................................................... 12 
Figure 4. Breakthrough curves for atrazine alone and with SLS or Brij 35 
through Fe-coated sand ..................................................................................................................... 14 
Figure 5. FTIR spectra for (A) Na-montmorillonite; (B) Ca-montmorillonite 
(4000-8000 cm.1) ..•••••••.....•..•......••.•.••••..••......••••••••••••••••.••.•.••..•••••••...•.••••.....•..•••••••••...................•..•• 16 
Figure 6. FTIR spectra for (A) Na-montmorillonite + Brij 35; (B) Ca-montmorillonite 
+ Brij 35; and (C) Brij 35 (4000-2000cm·1) •••••...•••••••••••••••••••••••••••••••••••........•.•••••••••••••••.••••..•........ l 7 
Figure 7. FTIR spectra for (A) Na-montmorillonite + Brij 35; (B) Ca-montmorillonite 
+ Brij 35; and (C) Brij 35 (1500-700cm·\ ...................................................................................... 18 
VI 
Figure 8. FTIR spectra for (A) Na-montmorillonite; and (B) Na-montmorillonite + 
Brij 35 (1500-700 cm-1) ••••...•.•....•.•••..........••••••••••......••.....••••••••.••.•••...••..•.•••••••••••••.......•••••••••.....•••... 19 
Figure 9. FTIR spectra for (A) Ca-montmorillonite; (B) Ca-montmorillonite + 
Brij 35 (1500-700 cm-1) •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 20 
Figure 10. FTIR spectra for (A) Brij 35; (B) 10% Brij 35 + 0.125 M CaCl2; 
(C) I 0% Brij 35 + 0.125 M CdCl2; (D) 10% Brij 35 + 0.125 M NaCl (3000-2500 cm·
1
) ••••••••••••• 22 
Figure 11. FTIR spectra for (A) Brij 35; (B) 10% Brij 35 + 0.125 M CaCl2; 
(C) 10% Brij 35 + 0.125 M CdCl2; (D) 10% Brij 35 + 0.125 M NaCl (1500-1000 cm.
1
) ••••••••••••• 23 
Figure 12. X-ray diffraction spectra ofCa-montmorillonite with different 
concentrations ofBrij 35 (A) 0%; (B) 0.1 %; (C) I 0% .................................................................... 24 
Figure 13. X-ray diffraction spectra ofNa-montmorillonite with different 
concentrations ofBrij 35 (A) 0%; (B) 0.1 %; (C) 10% .................................................................... 25 
Figure 14. X-ray diffraction spectra ofNa-illite with different concentrations 
ofBrij 35 (A) 0%; (B) 0.1%; (C) 10% ............................................................................................. 26 
Vil 
Figure 15. FTIR spectra for (A) Na-montmorillonite + Brij 35; (B) Ca-montmorillonite 
+ Brij 35; (C) Brij 35 (4000-2000 cm·' ........................................................................................... 28 
Figure 16. FTIR spectra for (A) Brij 35; (B) atrazine + Brij 35 (1700 -700 cm.1) •••••••••••••••••.•••••.•••• 30 
Figure 17. Effect of solid-to-solution ratio on the relative variance ofl<p (RSD(l<p)2) 
for four values ofl<p ........................................................................................................................ 33 __ 
Figure 18 Effect of standard deviation of C (5c)on the relative variance of Kp (RSD(l<p)2) 
when 1<p = 1 000and Ci = 1. .............................................................................................................. 34 
Figure 19. Effect of standard deviation of Ci and c. (Sci, See) on the relative variance 
of Kp (RSD(l<p)2)when Kp = 1000 and Ci = 1 .................................................................................. 3 5 
Figure 20. Effect of Freundlich constant, 1/n, on the optimal, fractional, equilibrium 
solution phase concentration and the relative variance ofKr(RSD(Ki:)2) 
when Kr= 1000 and Ci= l ............................................................................................................... 37 
viii 
Chapter I. Introduction 
Agricultural herbicides have been detected in the ground and surface waters of many states 
in the U. S., including Kentucky. Not only does this represent an economic loss to farmers, it is a 
concern of the general public. Many herbicides are carcinogenic, mutagenic, teratogenic and/ or 
have been linked to endocrine and reproductive disorders (Hileman 1993). An understanding of the 
factors that control the movement of herbicides to ground and surface waters is essential to the safe 
and effective use of these products 
It is often observed that rain soon after herbicide application results in elevated herbicide 
concentrations in ground and surface water samples, a flush effect. In runoff studies, Wauchope 
(1987b, et al. 1990) found that the first sample collected after application consistently produced the 
highest herbicide concentrations. Dravillas (I 993) observed that in a drought year lysimeter 
samples never exceeded EPA drinking water standards. In the following year with normal rainfall, 
excessive herbicide concentrations were detected in the lysimeters following the first rain after 
application (Dravillas 1993). 
Most herbicide active ingredients are too insoluble to simply dissolve in the spray tank. 
Therefore, a commercial herbicide contains an active ingredient and various 'inert' ingredients. 
Inert ingredients are added to produce a desired formulation, solubilize active ingredient, improve 
spray characteristics, extend product shelf life, etc. Although the manufacturer must disclose the 
composition of the formulation to the Environmental Protection Agency, only the active ingredient 
must be disclosed on the pesticide label. Formulation composition is protected as a trade secret and 
is believed to vary from manufacturer to manufacturer. 
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Formulation effect on pesticide behavior in the soil has received relatively little attention, 
probably because the exact formulation is a trade secret. Previous investigators have either 
assumed inert ingredients play no role (Furrnidge 1984, Liestra and Green 1990) or have confined 
their research to making generalizations about formulation type and pesticide behavior (Tashiro and 
Kuhr 1978, Getzin 1985, Chapman and Chapman 1986, Wauchope 1987b). But, in a review 
article, Wauchope (1987a) observed that for pesticides applied with water, wettable powder 
formulations caused the most pesticide runoff, emulsifiable concentrates were second and water-
soluble pesticides were the least likely to run off. The formulation with the most stable particles are 
the ones most likely to be transported out of the field. Column and field studies on the effect of 
adjuvants on pesticide mobility and efficacy often use commercial products of unknown 
composition. For example, Jain and Singh (1992) found that when the adjuvant STAY-TEC® was 
added to spray solutions, the field efficacy of sirnazine, bromacil, diuron and norflurazon increased. 
However, in laboratory experiments, ST A Y-TEC® increased the adsorption and decreased the 
mobility of simazine but had no significant effect on bromacil, diuron and norflurazon (Jain and 
Singh, 1992). The mechanisms by which the adjuvant, the active ingredient and the soil interacted 
could only be surmised because the composition of the adjuvant was not revealed by the 
manufacturer (Jain and Singh, 1992). 
The inert ingredient most likely to affect the fate and transport of active ingredient are 
surfactants. Surfactants are used to suspend solid particles in wettable powder formulations and to 
solubilize active ingredient in emulsifiable concentrate formulations. It is well-known that 
surfactants will solubilize and transport hydrophobic organic compounds (HOCs) (West and 
Harwell 1992). Surfactant enhanced transport has been investigated for use in pump and treat 
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remediation of soil and ground water, and tertiary oil recovery. In these situations, large quantities 
of surfactant are used so as to maitain surfactant concentrations above the critical' micelle 
concentration (CMC) throughout the profile. 
The CMC is the surfactant concentration at which surfactant monomers aggregate into 
micelles. Above the CMC, surfactant monomer concentration is essentially constant. In aqueous 
solutions above the CMC, surfactant monomers aggregate and orient so that the hydrophobic 
groups form an inner, protected core and the hydrophilic groups are in contact with the bulk 
solution. HOC's can be solubilized in the interior, liquid core. The process of micelle formation has 
been studied extensively. The effects of pH, ionic strength and temperature on the CMC have been 
summarized by Rosen (1978) for aqueous solutions of ionic and nonionic surfactants. The CMC can 
be increased by decreasing the hydrophobicity of the surfactant, either by increasing the hydrophilic 
chain length, decreasing the hydrophobic chain length or branching the hydrophobic chain 
(Somasandaran et al. 1991, Varadaj et al. 1991). Surfactant adsorption to surfaces is also affected 
by surfactant structure (Rosen 1978). Ionic surfactants adsorb by electrostatic attraction (Hampson 
et al. 1986). Nonionic surfactants adsorb by hydrogen bonding between surface hydroxyls and 
oxygens in the hydrophilic ethoxylate chain (Scamehorn et al., 1982; Law and Kunze 1966). 
When a herbicide is applied to a saturated soil, the formulation particles are expected to be 
suspended in the soil solution and not adsorbed on soil particles. Ionic strength, pH, temperature, 
surfactant structure, and the nature of the soil surfaces are expected to control particle stability. 
However, herbicides are seldom applied to saturated soils; at the very least, an air-dry surface layer 
is present. After application the applied water begins to evaporate. This increases the surfactant 
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concentration and so causes more of the surfactant to be incorporated into formulation particles. 
This phenomenon has been observed on the surfaces of leaves (Elworthy et al. 1968). When the 
water has completely evaporated, if the particles are stable, they may adsorb. Surfactants, cationic 
and nonionic in particular will adsorb onto solids when the carrier liquid is evaporated (Law et al. 
1966), but the desorption of the active ingredient, the surfactant or a surfactant/active ingredient 
complex has not been investigated. 
In solid-liquid equilibria, one experimental parameter, the solid-to-solution ratio, has been 
difficult to define a priori. Changing the solid-to-solution ratio changes the fractional masses of 
chemical in the two phases, as well as solution properties like pH and ionic strength (Roy et al. 
1991, and references therein). Because solid phase concentrations are determined as the difference 
between initial and equilibrium concentrations, if the solids concentration is too low, a measurable 
change between the initial and equilibrium concentrations will not occur; if the solids concentration 
is too high, an accurate measure of the equilibrium concentration cannot be obtained. Clearly, a 
single solids concentration cannot be used for all chemicals. Roy et al. (1991) suggested choosing 
the ratio that gives about 10 - 30% sorption at the highest solute concentrations. However, this 
criteria, for certain values of K, can lead to a broad range of acceptable solids concentrations (Roy 
et al. 1991 ). 
Although the exact composition of a commercial formulation is not known, based on some 
preliminary investigations using H+ Nuclear Magnetic Resonance, and Electron Impact and Fast 
Atom Bombardment Mass Spectroscopy, we have determined that one component of a commercial, 
emulsifiable concentrate formulation of atrazine contains a nonaromatic polyethoxylated compound 
of variable chain length (Bukowski 1992). We presume this to be a nonionic surfactant, perhaps an 
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ester of a fatty acid or an alcohol. Further, this formulation had a negligible inorganic solid 
component. Other studies in our laboratory have shown that this formulation will flocculate in the 
presence of Ca2+. This suggests the presence of an anionic surfactant. To investigate the effect of 
inert ingredients on active ingredient transport, model formulations using anionic and nonionic 
surfactants were prepared. Atrazine (2-chloro-4 ethylamino-6 isopropylamino-s-triazine) were used 
in this study as a model herbicide because 1) despite a major research effort, it continues to be a 
common groundwater pollutant; 2) it is relatively insoluble in water (35 mg L-
1
); and 3) a lot of 
information is available in the literature for comparison. Sand, iron oxide coated sand and 2: 1 clay 
minerals were used as model adsorbents because they are important inorganic soil surfaces. 
Our objectives were to, (1) determine how the presence of oxides and dry media particles 
affect the adsorption and transport of atrazine, (2) investigate the mechanisms of adsorption and 
desorption of active/ inert ingredient complexes and (3) derive a relationship for the variance ofK, 
based on the analytical precision of the experimental variables, that could be used to determine the 
optimal solid-to-solution ratio for linear and Freundlich-type partitioning. 
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Chapter II. Research Procedures 
Clay and Sand Preparation 
Flint shot blasting sand (U.S. Silica) was sieved to collect the fraction between 30 and 60 
mesh. Approximately 300 mL sieved sand was washed in 1500 mL of I M HNO3 for 24 hrs and 
then rinsed until the conductivity of the decantate was the same as distilled, deionized water. Sand 
was dried in Pyrex baking dish overnight at 40°C and stored until use in polyethylene bottles. 
Iron oxide-coated sand was prepared using techniques modified from Stahl and James 
(1991). 200 mL each of0.15 M Fe(NO3)3 and 0.47 M NaOH was added to 1000 g of acid-washed 
sand and dried for 72 hrs at 105°C. Coated sand was rinsed thoroughly until the conductivity of the 
decantate was the same as distilled, deionized water. The iron content of the coated sand was 
determined by dissolving the coating from 1.00 or 2.00 g sand in 20 mL 0.5 M HCI. The mixture 
of sand and acid was allowed to shake overnight and the Fe concentration in the decantate 
measured using atomic absorption spectroscopy (Instrumentation Laboratory, Model S 1 1 ). 
To collect the less than 2 mm clay fraction, approximately 20 g air dried Panther Creek 
Bentonite or Fithian Illite were added to 250 mL deionized H2O in 250 mL plastic bottles. The 
suspensions were ultrasonically dispersed for 5 minutes, thoroughly shaken on a reciprocating, 
variable speed shaker for 30 minutes, and then centrifuged for exactly 3.5 minutes at 750 rpm. The 
clay suspension was decanted and the procedure was repeated 3 and 4 times. The separated clays 
were then treated with H2O2 to remove organic matter (Kunze and Dixon, 1986). 
The fractionated clay samples were washed ( dispersed, centrifuged, decanted) four times 
with salt (NaCl or CaCli), washed once with distilled, deionized H2O and then dialyzed against 
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distilled water for 2 weeks. The Na or Ca loaded clay was air dried, crushed and passed through a 
0.25 mm diameter sieve. 
FTIR Spectroscopy and X-ray Diffraction 
The cation exchanged clay suspension (1% w/v) was mixed with 0.1% commercial 
nonionic surfactant (Brij 35) solution for 1 hour. Control samples were prepared similarly using 
distilled, deionized H20 instead of surfactant solution. Approximately 200 mL of the treated and 
control sample were applied to a Si crystal and then dried under vacuum. Transmittance spectra 
were taken with a Nicolet Model 5 SXC FTIR Spectrometer. 
The treated and control samples were slurried and oriented on glass slides by the paste 
method. The oriented specimens were air dried (58% relative humidity) and analyzed with Co K,, 
radiation. 
Leachini: Column Experiments 
One cm diameter glass chromatography columns (Pharmacia, Model C-IO) were used for 
all leaching experiments. Original bed supports, screens and tubing were replaced with stainless 
steel screens and teflon tubing. Atrazine and atrazine plus surfactant solutions were prepared from 
stock solutions and added to sand in glass petri dishes. Solutions were air dried overnight, loaded 
into columns and leached with 0.01 M NaBr from the bottom at 0.1 mL min·' (19 cm hr·\ A 
syringe pump (Orion, Model ) was used to inject solutions, where necessary a Rheodyne 6-port 
valve was used to switch solutions. To each column, 16.34 g sand was added to give a media 
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height of 13 cm and a pore volume (PV) of 4.05 cm. Solution fractions were collected using an 
Eldex fraction collector. 
Analysis 
Atrazine concentrations were measured using a Shimadzu (2101) UV-VIS Scanning 
Spectrophotometer. Critical micelle concentration was determined by the drop weight method or 
Du Nouy Ring Tensiometer (Fisher Scientific). 
SoHd-to-SoJution Ratio 
Equations to determine the optimal solid-to-solution ratio for linear and Freundlich -type 
partitioning were derived using the equations for the total differential of the partition coefficients 
(K.) and a propagation of error technique (Shoemaker et al., 1989). 
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Chapter III. Data and Results 
Critical MiceHe Concentrations and Desorption Experiments 
The CMCs of an Aatrex 4L formulation was determined to be 0.053% (Figure 1). The 
CMCs ofBrij 35, Triton X-100 and sodium lauryl sulfate (SLS) were determined to be 0.01, 0.005, 
and 0.05% respectively. The CMC's for Triton X-100 and Brij 35 compare favorably with 
literature values. Literature values for SLS vary widely due to product heterogeneity. A CMC for 
Aatrex 41 corresponds to an approximately 1 :250 dilution of stock formulation. Because typical 
field application rates are 1 :40 to 1 :25 dilutions, it would seem that there is ample surfactant 
available for the formulation enhanced transport of atrazine. The surface tension-concentration plot 
for Aatrex 4L indicates considerable heterogeneity which is typical of mixtures. 
Figure 2 shows the desorption of atrazine, alone and mixed with SLS or Brij, from initially 
dry, plain sand. At pH 6 silica sand has a slight negative charge and hence, the negatively charged 
SLS is electrostatically repelled from the surface. The atrazine concentration in the initial leachate 
is 84 mg 1·1• However, because atrazine is also weakly held by the silica surface, the effect ofSLS 
was indistinguishable from the atrazine alone treatment. The initial atrazine concentration in the 
Brij treatment was considerably lower than the atrazine or atrazine-SLS treatments. Approximately 
12% of the initially applied atrazine was retained in the Brij treated column, whereas virtually none 
of the atrazine was retained in the column in the atrazine alone or atrazine plus SLS treatments. 
Atrazine concentration in the initial leachate from the initially dry, Fe-coated sand was not 
much different from the plain silica sand (Figure 3). Initial atrazine leachate concentration in the 
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SLS treatment was lower than the Brij or atrazine alone treatments. lbis was expected because Fe-
coated sand has a slight positive charge at pH 6. However, virtually all of the applied atrazine was 
leached in all treatments. The Brij treatment had the highest atrazine concentrations in the initial 
leachate. 
Figure 4 shows the sorptive and desorptive portions of the breakthrough behavior of 
atrazine alone and atrazine mixed with SLS or Brij. For all treatments, atrazine showed classical, 
nonreactive transport behavior. The results from the initially unsaturated desorption experiments 
(Figures 2 and 3) would seem to suggest that affinity of Brij for an Fe-surface is lower than for a 
silica surface. Apparently the affinity of Brij 35 for the silica surface is altered by dehydration. 
Therefore, we have initiated additional experiments to investigate the nature of the interaction 
between Brij 35 and soil surfaces, including 2: 1 clay minerals. 
The desorption kinetics of atrazine in flowing systems were apparently rapid and 
supersaturated atrazine solutions were produced. We had expected to generate, at maximum, 
saturated atrazine solutions (33 mg L-1). As a result it was difficult to evaluate the effect of 
surfactants unambiguously. Equipment recently made available to us (refractive index and 
conductivity HPLC detectors) will allow us to measure surfactant concentrations in the leachate. 
These experiments are being redesigned and repeated using surfaces with higher sorptive capacity 
for atrazine. Humic acid coated sand, as described in the original proposal, could not be used 
because of analytical difficulties and the difficulty of separating the effects of surfactants from 
dissolved organic matter. 
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FUR and XRP Experiments 
Figure 5 shows the FTIR spectra of Na+- and Ca2+-exchanged clay. The major spectral 
band assignments for Figure 5 are described in Table I. To obtain the binding mechanism of Brij 
35 to the clay surface, the FTIR spectra of cation exchanged clay with and without surfactant was 
investigated as shown in Figure 6, 7, 8, and 9. As expected, the nCH2 band at 2960 to 2850 cm·
1 
corresponding to symmetric stretching of alkyl chain CH2 on Brij 35 showed no significant shift 
upon adsorption of the surfactant to the surface of cation exchanged clay (Figure 6). The 
interaction between surfactants and clays is via the hydrophilic group. The liCH of CH2 group as 
shown by the band from 1479 to 1236 was clearly indicated in the Brij 35-cation exchanged clay 
(Figure 7). The C-O stretching vibrational band of the polyethylene oxide moiety (1100 to 1000 
cm-1) was also shifted. This shifting was more pronounced in Na-montmorillonite than for Ca 
montmorillonite (Figure 8 and 9). Similarly, bands are more intense in the Na montmorillonite 
than for Ca-montmorillonite. The above spectra suggest that the Brij 35 was adsorbed to the 
surface of cation exchanged clay. 
Table 1. Spectral interpretation ofNa-montmorillonite infrared absorption peaks. 
Peak Frequency (cm· ) Spectral Interpretation 
3625 Structural hydroxy stretch (AIMgOH) 
1629 H-O-H bend 
1098 Si-O stretch 
916 Al-Al-OH bend 
885 (weak) Fe(IIl)-Al-OH bend 
844 Mg-Al-OH bend 
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and (C) Brij 35 (1500-700cm-1). 
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Figure 9. FTIR spectra for (A) Ca-montmorillonite; (B) Ca-montmorillonite + Brij 35 
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In order to seek evidence on the mechanism of surfactant sorption, the interaction of Brij 35 
with the salts, CaCl2, CdCl2, NaCl were investigated by FTIR. The results are provided in Figure 10 
and 11. The asymmetric stretching of CH2 was shifted and split by Ca+
2 from 2917 to 2988 and 
2925 cm·1, while perturbation by Cd+2, split the CH2 stretching to 2926 and 2901. Similarly the 
symmetric CH2 stretching of 2883 was shifted and split to 2889 and 2854 by Ca
2+ and to 2887 and 
2856 cm·1 by Cd+2. There was no evidence that CH2 was perturbed by Na+, since there was no 
shift of the CH2 stretching in Brij 35-NaCI spectra. The band corresponding to CH2 bending of 
ethylene oxide (1470 to 1236 cm·1 ) was shifted in the presence ofCa+2 and Cd+2• The major peak 
of 1467 cm·1 was split to 1471 and 1453 by Ca2+ and to 1483, 1466 and 1459 cm·1 by Cd+2• 
Similarly, the 1359 band was also split as shown in Figure 11. The C-O band of 1150 to 1060 cm·
1 
which is characteristic of aliphatic ethers (C-O-C) (Bellamy, 1975) was shifted to lower frequency 
for Brij 35-Ca+2 and Cd+2• The 1147 band was shifted to 1125 cm·1 for both Brij35-Ca+2 and Brij 
35-Cd+2• Similarly the band corresponding to C-O stretching (1060 cm"1) was split to 1076 and 
1055 by ca2+ and to 1082 and 1028 cm·1 by Cd+2• The apparent shifting and splitting ofCH2 and 
CO stretching suggests that CH2 and CO are perturbed due to coordination with the cations Ca+
2 
and Cd+2• The above FTIR results are indicative of complex formation with the binding interaction 
most likely occurring through the ethylene oxide segment of the surfactant and the cation. 
An XRD study was conducted to obtain the evidence that the surfactant was coordinated in 
the interlamellar region of saturated clay. The d-spacings (doo1) from oriented clay in the presence 
of two different concentration ofBrij 35 are shown in Table 2. The X-ray diffractograms are given 
in Figures 12, 13 and 14. The doo1 ofCa-montrnorillonite expanded from 15.6 to 17.5 A, while the 
doo1 of Na montrnorillonite expanded from 12.6 to 14.5 A when treated with 0.1 % Brij 35. There 
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Figure 10. FTIR spectra for (A) Brij 35; (B) 10% Brij 35 + 0.125 M CaCl2; (C) 10% Brij 35 + 
0.125 M CdCl2; (D) 10% Brij 35 + 0.125 M NaCl (3000-2500 cm-')_ 
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Figure I 1. FTIR spectra for (A) Brij 35; (B) 10% Brij 35 + 0.125 M CaCl2, (C) 10% Brij 35 + 
0.125 M CdCl2; (D) 10% Brij 35 + 0.125 M NaCl (1500-1000 cm·\ 
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Figure 12. X-ray diffraction spectra of Ca-montmorillonite with different concentrations of Brij 35 
(A) 00/4; (B) 0.1 %; (C) 10% 
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Figure 13. X-ray diffraction spectra ofNa-montmorillonite with different concentrations ofBrij 35 
(A) 0%; (B) 0.1%; (C) 10%. 
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Figure 14. X-ray diffraction spectra ofNa-illite with different concentrations ofBrij 35 (A) O"/o; (B) 
0.1%; (C) 10%. 
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was no interlayer expansion when Na-illite was treated with Brij 35 (Table 2 and Figure 14). 
Therefore it must be adsorbed only on the external surfaces. As the surfactant concentration 
increased from 0.1% to 10 % the <loo, ofNa and Ca montmorillonite expanded to 18.2 and 19.5 A 
respectively. lbis could be due to interlayer having higher density of surfactant. 
Table 2. Effect ofBrij 35 concentration on <loo, expansion ofmontmorillonite and illite. 
<loo, 
Brij 35 (%) 
0 
0.1 
10 
Na 
12.6 
14.5 
18.2 
Montmorillonite Illite 
Ca 
15.6 
17.5 
19.5 
Na 
10.17 
10.18 
10.10 
Based on the dimensions of the alkyl chain (4.0 A) (Rosch, 1967) and of the silicate layer 
(9.6 A), if Brij 35 is lying parallel between the silicate layer in monolayer distribution, the doo1 
value should be approximately 13 A. Hence the doo, value of 14.5 A for Na montmorillonite 
corresponds to a monolayer distribution ofBrij 35 in the interlayer with the alkyl chains parallel to 
the silicate surface. 
The larger doo1 value for Ca montmorillonite than for Na montmorillonite could be due to 
the presence of water (2.84 A) in the interlayer. Since Ca2+ has a higher hydration energy than Na+, 
Ca2+ retains more water molecules in its primary hydration shell and hence Na+ increases the 
hydrophobicity of the siloxane cavity. lbis data shows that the charge on the interlayer cation may 
also contribute to the adsorption ofBrij 35. As shown in FTIR spectra of Figure 15, the intensity of 
Brij 35 adsorbed in the surface of Na montmorillonite is higher than that of Ca montmorillonite. 
27 
A 
i 
I 
1t600 3~50 2900 2350 1800 
WAVENUMBER 
1250 700 
Figure I 5. FTIR spectra for (A) Na-montmorillonite + Brij 35; (B) Ca-montmorillonite + Brij 35; 
(C) Brij 35 (4000-2000 cm"
1
). 
28 
The above results suggest that the surfactant is lying parallel, perpendicular to the clay 
surface and the interlayer cation forms coordination complex with the ethylene oxide chain. As the 
concentration of surfactant increases, the surfactant forms a cluster through hydrophobic 
interaction. Increasing the hydrophobicity of the siloxane cavity allows atrazine enter the interlayer 
spaces of montmorillonite. FTIR spectra in Figure 16 indicate that there is no perturbation of CH2 
stretching of alkyl group ofBrij 35 when mixed with atrazine. However the C-N stretching band of 
the atrazine ring is found on the surface of Brij 35. It is expected that this binding due to the 
hydrophobicity of the Brij 35 alkyl group. 
The presence ofBrij 35 and atrazine in the clay interlayer has important implications for the 
long term fate of atrazine in soils. Interlayer-sorbed atrazine would presumably be protected for the 
normal degradative pathways, including hydrolysis and microbial breakdown. Additional 
experiments are needed to elucidate the nature and stability of formulation induced interlayer 
sorption. 
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Deterxnioioa Qptirnal SoHd-to-So!ution Ratios 
The linear partition coefficient, Kp is defined as the ratio of the equilibrium concentrations 
of a species in two phases. When the two phases are a solid and water (solid-liquid partitioning), 
K =_S_ 
• C 
' 
(1) 
where, 
C, = concentration on the solid phase, 
C, = equilibrium concentration in the water phase, 
An equation was derived that relates the relative standard deviation ofK, RSD(K), to the variances 
of the measured variables, 
(2) 
where, 
m I'd 1 . . - = so 1 -to-so ut10n ratio, 
V 
C; = initial chemical concentration, and 
s~ = common variance of C; and C,. 
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Figure 17 shows how RSD(K)2 changes with the solids concentration for several values 
of K. Ci and s2 c have been arbitrarily set to 1, so it is the relative differences between the curves 
that is important, not the value of RSD(K)2. The optimal solid-to-solution ratio increases with 
decreasing Kand is equal to l/(0.12*K), or approximately 55% sorption. Figure 18 shows the 
effect of the standard deviation of C on RSD(K)2 when K = 1000 and Ci = 1. As expected, 
improving the error estimate on C (Ci and C,) improves the error estimate on K. Because Ci is in 
the denominator in Eq. 2, increasing the initial chemical concentration decreases the error 
estimate on K. 
An optimal solid-to-solution ratio corresponding to 55% sorption is considerably higher 
than the 10 - 30% sorption recommended by Roy et al. (1991 ). If the error on the mass of solid, 
m, is negligible, K is a product of two concentrations, C, and C,. If the error on each 
measurement were the same, one would expect the minimum error on K when the errors on C, 
and C, are simultaneously minimized, i.e. at 50 % sorption. The shift to slightly higher percent 
sorption results because C, is the sum of two concentrations, Ci and C" and therefore, the 
resulting variance of C, is about two times higher than the variance of C,. 
In deriving Eq. 2 an assumption was made that the initial and equilibrium concentrations 
had a common variance. This may not be the case under certain situations, for example if the 
initial concentration requires a large dilution factor for analysis. Figure 19 shows the effect of 
changing sci and sc, on the optimal solid-to-solution ratio when K = 1000 and Ci = 1. If sCi > sc, 
the optimal solid-to-solution ratio is larger than when Sci = sc,· 
A similar procedure can be used to find the optimal experimental conditions for nonlinear 
partitioning. The Freundlich partitioning coefficient Kr is defined as, 
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Figure 18. Effect of standard deviation of C (5<:) on the relative variance of Kp (RSDCKp)2) when 
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(3) 
where 1/n = N is the Freundlich constant that accounts for nonlinearity of the isotherm, and the 
equation to determine the optimal solid-to-solution ratio is, 
(4) 
For the Freundlich case, there is no simple function for C,. that can be substituted into Eq. 4. 
Therefore, the optimal solid-to-solution ratio is found by finding the fractional mass of chemical 
in the aqueous phase that minimizes Eq. 4, and substituting this value into Eq. 3 to find rnN. 
Figure 20 plots Eq. 4 as a function of C, for several values of 1/n. The optimal fractional mass of 
chemical remaining in the solution phase ranges from 0.36 when 1/n = 0.5 to 0.51 when 1/n = 
1.5. Also the minimum relative variance of K decreases as 1/n increases. 
Equations 2 and 4 can be used to determine the optimal solid-to-solution ratio for linear 
or Freundlich-type solid-liquid partitioning. For the case of simple, linear partitioning, given an 
estimate of K, either calculated from octanol-water partition coefficients or from preliminary 
experiments, and estimates of analytical precision, either from literature data or, preferably from 
preliminary experiments, Eq. 2 can be solved directly to determine the optimal solid-to-solution 
ratio. For experiments requiring the highest precision, the optimization process may have to be 
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iterated. In the case of Freundlich-type partitioning, the choice of an optimal solid-to-solution is 
slightly more complicated. A preliminary experiment will be required to get estimates of K and 
1/n. Eq. 4 is then solved to find the optimal, fractional concentration of chemical in the solution 
phase. This value is then used in Eq. 3 to find the optimal solid-to-solution ratio. For the case of 
Freundlich-type partitioning, it is far more likely that the optimization procedure will have to be 
iterated to yield accurate and precise estimates of K. 
The range of optimum solids concentrations is higher than that prescribed by Roy et al., 
(1991). The derived relationships indicate why its important to account for chemical losses to 
volatilization, degradation, sorption to reaction vessels, etc.. Such losses affect both the accuracy 
and precision of the estimated K. If valid comparisons are to be made of partition coefficients, 
the analytical accuracy of the experimental variables should be reported, not just the range of 
calculated K's. 
One anomaly in the measurement of solid-liquid partition coefficients is the apparent 
decrease in K with increasing solids concentration (c.f. Di Toro et al. 1986; Dzombak and Morel, 
1986; O'Connor and Connolly, 1980; Servos and Muir, 1989; Voice and Weber, 1985; Wang and 
Grady, 1984; Weber et al. 1983). Arguments about the implications of solids concentration 
effects are essentially arguments over whether the sorption mechanism is one of simple linear 
partitioning. The results of this study suggest that because the range of acceptable solid-to-
solution ratios is narrow, attempts to resolve this conflict by evaluating solids concentration 
effects over several orders of magnitude of solids concentration are futile. The resulting 
estimates ofK are subject to inherently large confidence intervals. 
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Chapter 4. Summary and Conclusions 
These results, while preliminary, suggest that the formulation should not be ignored when 
modeling the initial leaching of pesticides, at least in media with low potential to sorb the pesticide 
or the formulation components. While these experiments considered only leaching, it is possible 
that a similar phenomena may be involved in pesticide runoff. Examples of situations where 
formulation enhanced transport may be important include, agricultural fields with low organic 
matter contents and significant macropore flow, sidewalks and other rights-of-way, and turfgrass, 
especially sloping lawns. Because different surfactants caused different kinds of breakthrough 
behavior, the potential exists that active ingredient leaching and runoff could be reduced by altering 
formulation composition. 
The presence of atrazine in the interlayer has important implications for the mass transport 
of atrazine in soils. The desorption of the atrazine will be diffusion controlled and hence less 
atrazine should be available for transport as dissolved species. However, should these clays 
become dispersed, they could act as a suspended, highly mobile phase for the particulate transport 
of atrazine. Also, atrazine in the interlayer region of clays is likely to be protected from the normal 
degradative pathways and hence interlayer sorption may provide a mechanism for atrazine to 
persist in the field. 
Assigning statistical significance to partition coefficients has always been difficult. The 
equations derived here simplify the experimental determination of partition coefficients and 
improve the accuracy and precision of the estimates. 
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Nomenclature 
A=angstrom 
C = concentration 
C
0 
= equilibrium concentration in the water phase 
C; = initial chemical concentration, 
C, = concentration on the solid phase 
~ = linear partition coefficient 
Kr= Freundlich partition coefficient 
m = solid-to-solution ratio 
V 
1/n = N = Freundlich constant that accounts for nonlinearity of the isotherm 
RSD(K) = relative standard deviation ofK 
s~ = common variance of C; and C0 • 
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